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Ecosystem services (ES) have become a key concept in the assessment of natural 
resources, as a way to connect human well-being and ecosystems degradation. 
However, ES quantification is considered a basic problem because provision varies 
considerably as a result of land use change and site-specific characteristics (i.e. climate, 
soil, topography, and time). Thus, more detailed studies are needed to assess whether 
these changes affect ecological variables. We explored the use of environmental and 
crop management variables in predicting the provision of four ES (soil C balance, soil N 
balance, N2O emission control and groundwater contamination control) in three 
agroecosystems located in the Pampa region (Argentina). Data-mining, represented by 
k-means cluster and classification trees, was used to identify the dependence of ES 
provision on the variation of both environmental and crop management factors. We 
used plot level crop management and environmental field information stored in a large 
database during a 10-year period. The k-means method selected five different clusters. 
The final configuration showed two contrasting clusters: one with the lowest ES 
provision, and another one with the highest ES provision. The five clusters were 
represented in the terminal nodes of the final classification tree. Regarding the 
predictive power of the variables, crop and year were the most important predictors. 
Then, differences observed in ES provision resulted from changes in land use (variable 
“crop”) and crop season (variable “year”). These results are meant to enlighten 
stakeholders in terms of how to manage Pampean agroecosystems in order to positively 
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1. Introduction  
Nowadays, there is a growing interest amongst farmers, policy makers and 
society in designing agroecosystems which not only provide benefits such as crop yield 
(Schipanski et al. 2014), but also provide information on (and reduce) the 
environmental impacts of agricultural production (Boody et al. 2005; Bennett and 
Balvanera 2007; Gordon et al. 2010). Ecosystem services (ES) have become a key 
concept in the assessment of natural resources, as a way to connect human well-being 
and ecosystems degradation (Fisher and Turner 2008; Burkhard et al. 2010). Despite the 
fact that there is an extensive literature on ES, quantification is considered a basic 
problem because their provision varies considerably as a result of land use/land cover 
change and site-specific characteristics (i.e. climate, soil, topography, agricultural 
management, and time) (Daily and Matson 2008; de Groot et al. 2010).  
Agriculture and ES may be interlinked through three aspects: two positive and 
one negative (Dale and Polasky 2007). In terms of positive aspects, agroecosystems 
generate benefits to society (e.g. soil retention, food production) but also require some 
other benefits provided by natural ecosystems (e.g. pollination). On the negative side, 
ES may be affected by agricultural management considering that it can reduce the 
ability of ecosystems to provide ES (Palm et al. 2014). From a social perspective, 
farmers obtain benefits from a wide range of ES, while society is benefited or harmed 
by agricultural management (Power 2010). Further studies are needed not only to 
deepen the relationship between ES and agricultural management (Tilman et al. 2002) 
but also to identify options for sustainable agriculture (Dale and Polasky 2007).  
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Argentina is one of the countries with highest agricultural production in the 
world. During 1988-2002, the area used for annual crop production increased at an 
annual average rate of 0.27% (Orúe et al. 2007). Beyond the extension of the 
agricultural frontier, other processes such as the introduction of different management 
practices or genetically modified crops, and the increase in inputs used during crop 
production have caused changes in agroecosystems (Pengue 2001; Satorre 2005). In 
Pampean agroecosystems, particularly, annual monocultures have replaced agriculture-
livestock rotations, natural vegetation, perennial crops and other crop rotations (Paruelo 
et al. 2006). Some studies suggest, however, that these changes seemed to be of low 
importance because Pampean agroecosystems are considered to have low ES provision 
in comparison with other fragile Argentinean ecosystems (e.g. wetlands, estuaries, 
tropical and subtropical jungles) (Carreño and Viglizzo 2007). However, there is a 
significant lack of specific information on the effect of land use change on ES provision 
in this region. Thus, more specific studies are needed in order to assess whether the 
aforementioned land use changes affect ecological variables.  
Changes in Argentinean agroecosystems have led to the development of several 
tools and methodologies in order to assess ES provision under different ecological and 
spatial conditions (e.g. Barral and Maceira 2012; Caride et al. 2012; Carreño et al. 2012; 
Laterra et al. 2015). Some patterns and mechanisms used to explain ES provision can be 
extracted from the analysis of data collected from farm-level production-related records. 
One of the main advantages of production databases is the documentation of what really 
happens in agroecosystems capturing, at the same time, a wide range of interactions 
amongst different variables (Lawes and Lawn 2005). These interactions are also 
captured by agricultural experiments but on a smaller scale. However, the structure of 
this kind of data is generally inadequate using standard statistical analysis techniques 
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due to problems related to data transformation, unbalanced designs and non-linearity 
(Ferraro et al. 2009). In light of this, we propose the use of non-parametric statistical 
methods to analyze ES provision in Pampean agroecosystems. Particularly, we propose 
the use of a data mining technique called ‘Classification and Regression Trees (CART)’ 
(Breiman et al. 1984) in order to identify the dependence of ES provision on the 
variation of both environmental and crop management factors.  
Recently, Rositano and Ferraro (2014) used direct field information to assess the 
provision of four ES (soil C balance, soil N balance, N2O emission control and 
groundwater contamination control) under two land use scenarios (soybean vs. maize) 
along ten growing seasons (2000/2001 – 2009/2010) in a certain agroecosystem from 
the Pampa region (Argentina). The study was an attempt to represent Pampean 
agroecosystems in terms of their ES provision. Here, we specifically explore the effects 
of environmental and crop management variables on the prediction of the provision of 
the four ES previously assessed by Rositano and Ferraro (2014) in three study sites 
located in the Pampa region. We used farm and plot level crop management and 
environmental field information stored in a large database during a 10-year period.  
 
2. Materials and methods  
For this study, we used previously developed Bayesian Networks (BNs) 
originally used to assess ES provision in Pampean agroecosystems (Argentina) 
(Rositano and Ferraro 2014). A BN is a statistical approach used to represent a set of 
associated uncertainties given the conditional independence relationships established 
between them (López Puga et al. 2007). This methodology uses quantitative data, expert 
knowledge or both to fulfill (or populate) variables. For more information about this 
probabilistic methodology, please see Chen and Pollino (2012).  
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Four Bayesian models representing four ES (i.e. soil C balance, soil N balance, 
N2O emission control and groundwater contamination control) were selected to be 
parameterized and quantified in a specific area located in Pampean agroecosystems 
(Rositano and Ferraro 2014). These models were assessed through two sensitivity 
analysis techniques (Rositano et al. 2017). Each model had an output variable with three 
states (High/Medium/Low). In order to achieve sustainable ecosystems, we were 
interested in one state of each output variable (i.e. the one that conferred desirable 
values for agroecosystems sustainability); that is, High C content in soil, High Available 
N in soil, Low Denitrification and Low NO3 concentration in groundwater (Rositano 
and Ferraro 2014) (see Appendix 1).  
 
2.1. Study site  
The Pampa region is located on a more than 52 million ha plain in the center-
east of Argentina (Hall et al. 1992) (Figure 1). Mean annual temperature ranges from 
10ºC to 20ºC and annual rainfall from 400 mm to 1600 mm, decreasing from the 
northeast to the southwest (Soriano et al. 1991). Soil types are mainly Mollisols. The 
major crops in the region are soybean (Glycine max (L.) Merr.), maize (Zea mays L.), 
wheat (Triticum aestivum L.) and sunflower (Helianthus annus L.). Various sub-regions 
are recognized in the Pampas, based on their geomorphology, geology, physiography, 
soils and vegetation (Soriano et al. 1991). These sub-regions are: Rolling Pampa, Inland 
Pampa, Flooding Pampa, Southern Pampa, Semiarid Pampa, and Mesopotamic Pampa 
(Figure 1).  
The analysis performed here was designed for three agroecosystems located in 
contrasting Pampean sub-regions (see striped area in Figure 1). North of Cordoba (NC) 
is located in the transitional region between Semiarid Pampa and the Chaco Region; 
 
 7 
Center of Buenos Aires (CBA) is located in Flooding Pampa and a minor territory in 
Rolling Pampa; while South of Entre Ríos (SER) is located in Mesopotamic Pampa. 
Biophysical properties which characterize and differentiate these agroecosystems are 




Figure 1: Location of the Pampa region (Argentina) and its sub-regions (grey shaded): 
1) Rolling Pampa, 2) Inland Pampa, 3) Flooding Pampa, 4) Southern Pampa, 5) 
Semiarid Pampa, and 6) Mesopotamic Pampa. The estimation of ecosystem services 
provision was carried out for three Pampean agroecosystems: North of Córdoba, South 





Table 1: Biophysical properties of the three Pampean agroecosystems selected. 
References: NC = North of Córdoba; CBA = Center of Buenos Aires; SER = South of 










NC Mollisol 71 850 17,5 
CBA Mollisol 23,9 950 14,5 
SER Vertisol 35,5 1050 17,5 
 
 
2.2. Data collection  
Farm (i.e. each farm consists of a number of plots) and plot-level management 
and environmental information was obtained from the three agroecosystems under study 
(Figure 1). Common agricultural practices were provided by the Asociación Argentina 
de Consorcios Regionales de Experimentación Agrícola (AACREA) (a non-profit 
farmers association that gathers more than 2000 farmers all over the country). Data were 
collected from farms located in each study site. The data set contained information on 
crop rotations from the year 2000 to 2010 for each Pampean agroecosystem (NC, CBA 
and SER). Historical weather records were provided by Servicio Meteorológico 
Nacional (SMN) and soils descriptions/data by Instituto Nacional de Tecnología 
Agropecuaria (INTA).  
 
2.3. Field attributes  
We used categorical and continuous plot-level crop management variables in 
order to explore those agricultural factors which explain ES provision in Pampean 
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agroecosystems. The categorical variables used were: crop, preceding crop and region 
(Table 2). Four preceding crops were selected; 1) wheat, 2) maize, 3) soybean, and 4) 
grassland. The continuous variable used was crop season with year as its unit (from year 
2000 to year 2010).  
 
Table 2: Description of categorical variables used for the study. The number of 
registered plots correspond to the ten crop seasons. References: NC = North of 
Córdoba; CBA = Center of Buenos Aires; SER = South of Entre Ríos.  
Region Crop Preceding crop 
Number of 
plots 





















 Grassland 0 






























2.4. Cluster analysis  
In order to identify contrasting groups of ES provision in Pampean 
agroecosystems, we assessed the database using a cluster analysis called K-means (Jain 
and Dubes 1988). The algorithm used is based on the estimation of the sum of squares 
(Ferraro et al. 2009). This methodology groups objects in k groups by maximizing the 
variation between clusters and minimizing it within each cluster (Catena et al. 2003). 
That is, objects in the same group share the largest allowable number of features, while 
objects in different groups tend to be different. As a result of a K-means clustering 
analysis, the means for each cluster would be examined to assess how distinct those 
clusters are.  
Misclassification rate (r) (i.e. the proportion of errors made during the procedure 
of classifying objects in clusters) is used to define the final number of clusters. This rate 
is calculated as the average distance of objects in the database used for testing the 
centroid of each cluster to which they were assigned. In order to select the optimal 
number of clusters, we inspected the set of solutions for detecting a cut-off value of 5% 
in the percentage decrease of the misclassification error when adding one more cluster, 
and the lowest number of clusters that meets the above condition (Ferraro et al. 2012). 
Cluster analysis was performed using Statistica (StatSoft 2008).  
 
2.5. Classification and Regression Trees  
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CART methodology was used to divide clusters into new sub-groups with the 
highest homogeneity and to assign variables which can define these sub-groups along 
divisions (i.e. branches) of the tree (Catena et al. 2003; De'ath and Fabricius 2000). A 
classification tree partitions all possible objects (or nodes) in order to be assigned to one 
cluster (Breiman et al. 1984). The two sub-groups (nodes) formed are divided again if: 
1) there is sufficient diversity to produce a partition of observations, and/or 2) the node 
size is higher than the minimum established to continue the algorithm (Catena et al. 
2003). Ideally, the node separation process continues until each node is pure (i.e. 
contains a single cluster of total objects) or purity of end nodes (i.e. terminal nodes) 
reaches a certain limit. The result is a binary tree which is usually pruned in order to 
obtain its final structure. We used a pruning technique called 1-SE (Breiman et al. 1984) 
in which the best tree is the smallest one (i.e. fewer nodes). Its estimated error rate is 
within one standard error of the minimum (De'ath and Fabricius 2000).  
In order to assess the tree obtained, Breiman et al. (1984) proposed a method 
called Cross-Validation (CV). This methodology is based on a v value, which divides 
the database to obtain sub-samples for testing the obtained tree. For example, 
considering v = 10, the database is divided into 10 sub-samples from which 9 sub-
samples are used to calculate the tree and the remaining sub-sample is the one against 
which the tree is tested. This process is repeated v-1 times. In our case, a v = 7 was used 
for cross-validation; therefore, the database (230 cases in total) was divided into seven 
sub-samples (32 cases per sub-sample) to build and assess the tree. The 1-CV error is 
equivalent to R
2 
in a linear regression (Breiman et al. 1984), and estimates the "portion 
of the variance explained by the model" (Roel et al. 2007).  
An output of the CART procedure considers the importance of the independent 
variables, which are ranked in descending order of their contribution to tree 
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construction. CART calculates the improvement measure attributable to each variable in 
its role as a surrogate to the primary split. The values of these improvements are 
summed over each node of the tree and scaled relative to the best performing variable. 
The variable with the highest sum of improvements is scored 100, and all other 
variables have lower scores ranging downwards towards zero (Steinberg and Colla 
1995). CART was performed using Statistica (StatSoft 2008).  
 
3. Results  
Misclassification rate decreased until the database was divided into n = 11 
individual clusters (Figure 2). However, the 5% cut-off value of rate reduction was 
reached at n = 5 and, therefore, this n was selected for further analyses.  
The final configuration showed two contrasting clusters (CLs) in terms of ES 
provision in Pampean agroecosystems: CL1 and CL5 (Figure 3). CL1 could be 
considered the cluster with the lowest ES provision because it had the lowest values for 
High Available N in soil, Low NO3 concentration in groundwater and Low 
Denitrification, and intermediate values for High C content in soil. CL5 could be 
considered the cluster with the highest ES provision because it had the highest values 
for High C content in soil and High Available N in soil, and intermediate values for 
Low NO3 concentration in groundwater and Low Denitrification (Figure 3). The highest 
values for these two latter response variables were observed in CL3, while the lowest 
values for High C content in soil and High Available N in soil were observed in CL2 
(Figure 3).  
The classification tree had eight terminal nodes in which appeared the five CLs 
previously obtained (Figure 4). Region was the first splitting variable. On the right 
branch, NC and CBA agroecosystems were located (ID = 3); on the left branch, SER 
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agroecosystem was located (ID = 2). Preceding crop was selected in the right branch of 
the tree for separating soybean (ID = 30) from maize, wheat and grassland (ID = 31). 
Crop and year appeared frequently at the next splitting levels. Crop was selected in the 
final model for splitting soybean (ID = 18) from maize and wheat (ID = 19). Year was 
selected for splitting early crop seasons (ID = 8; ID = 32) from later ones (ID = 9; ID = 
33). The CART model was able to explain 65% (i.e. 1-Cross Validation cost for the 
learning set) of the agricultural factors that affect ES provision in Pampean 
agroecosystems.  
When each variable was analyzed through their contribution to the CART, year 




Figure 2: Misclassification rate (r) of agricultural fields used as a test set during the 





Figure 3: Normalized mean values of probability for each response variable in each of 
the five clusters obtained. The response variable of each model is: A) High C content in 
soil, B) High Available N in soil, C) Low NO3 concentration in groundwater, and D) 
Low Denitrification. Numbers in parentheses refer to the number of cases present in 







Figure 4: Classification tree of the agricultural factors determining ecosystem services 
provision in Pampean agroecosystems, using the clusters identified by the K-means method 
showed in Figure 3. N indicates the number of cases in a node of the classification tree. 
Nodes with dotted line correspond to terminal nodes. Columns within each node 
correspond to the histogram representing the distribution of clusters; and the number in the 
center, the cluster most frequent in that node (with the number of cases within parentheses). 
The 1-CV error is equal to 0.65. References: SER = South of Entre Ríos; NC = North of 








4. Discussion  
The main goal of our work was to identify those agricultural variables that 
determine ES provision in Pampean agroecosystems. Previously, Rositano and Ferraro 
(2014) qualitatively identified that environmental and management variables can influence 
ES provision in a given Pampean cropping system. However, this is the first time that these 
variables have been quantitatively considered together as possible modulators of their 
supply in this region. Here, differences observed in ES provision resulted from changes in 
land use (variable “crop”) and crop season (variable “year”) (Figure 5). Furthermore, 
Viglizzo and Frank (2006) have analysed the trade-offs between a set of economic and 
ecological services due to changes in land use in the Pampa region. However, they studied 
changes from natural vegetation to croplands, rather than amongst different crops. Despite 
the fact that agroecosystems are managed to obtain provisioning services (e.g. food, fiber, 
raw), they should also be managed to deliver multiple ES (e.g. soil conservation, climate 
regulation, greenhouse gases emission control) (Bennett and Balvanera 2007; Harrison et 
al. 2010). In light of this, the purpose of our results was to provide guidance to stakeholders 
on how to manage Pampean agroecosystems in a way which positively influences ES 
provision.  
Several authors have stated the idea that ES provision changes under different land 
use types (e.g. Foley et al. 2005; MEA 2005; Muñoz-Rojas et al. 2011; Felipe-Lucia et al. 
2014; Lawler et al. 2014; Queiroz et al. 2015; Jiang et al. 2016). However, Koschke et al. 
(2013) argued that there are often ambiguous data on the contribution of land use to ES 
provision. In our case, each crop could be associated with a good, a medium or a bad 
scenario of ES provision. In general terms, scenarios (CLs) are the relationships amongst 
the four ES selected in this study (Figure 3). For example, maize and wheat were observed 
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in the best scenario in CBA (CL5) (ID=7), and in a medium scenario in SER and NC (CL3) 
(ID=19) (Figure 4). Soybean was observed in a medium scenario in CBA (CL 3) (ID=6), 
and in the worst scenario in SER and NC (CL1) (ID=18) (Figure 4). Conversely, soybean 
as a preceding crop prevailed in a bad scenario (CL2) (ID=30), while the other preceding 
crops prevailed in a medium scenario (CL4) (ID=31) (Figure 4). These results supported 
the idea that different crops can change the relationship amongst ES, creating opportunities 
to increase or diminish ES provision (Bennet et al. 2009; Mouchet et al. 2014).  
Cropping systems are capable of maximizing yields but also of maximizing natural 
resources (ES) through different management strategies such as crop diversification (e.g. 
crop rotation, cover crops). As our results have shown, maize and wheat were the crops 
observed in the best scenarios; however, this did not mean that agriculture should only be 
focused on these two crops and not on soybean. The association of different species with 
each other can help to deliver ES. That is, cereal-legume associations are a well-known 
example of multiple cropping systems based on complementary functions that optimizes 
several ES (e.g. soil nitrogen) (Gaba et al. 2015; Lazzaro et al. 2017). Therefore, balanced 
crop rotations should be determined in order to increase both provisioning (e.g. crop yield) 
and also regulating, supporting and cultural services (Tittonell 2014). In the last decade, 
more than 70% of Pampean soils have been given over to soybean monoculture, a crop that 
produces little residue and roots that rapidly decompose. This has led to a process of soil 
degradation, groundwater ascent and an endemic development of weeds and pests. 
Nowadays, stakeholders are being encouraged to add different crops to current cropping 
systems and to analyze strategies that improve soil structure. Consequently, our results 
suggest that crop rotation is determinant of ES provision.  
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Having a mixture of different crops (in space and time), critical to providing a 
sustainable ES set (Felipe-Lucia et al. 2014), is not only possible with crop rotations but 
also with cover crops (Schipanski et al. 2014). In the Pampa region, including grasses (e.g. 
wheat, maize) as cover crops is essential to obtain sustainable cropping systems because 
their roots favour soil aeration and, after decomposition, leave conduits in order to facilitate 
the entry of water into deeper layers. Therefore, the main objective of cover crops is to 
provide multiple ES such as soil protection by ensuring that the soil is not left bare between 
two crops (Gaba et al. 2015). This has led to cover crops being called “service crops” 
because of their capability to improve and maintain different soil ES (Piñeiro et al. 2014; 
Pinto et al. 2017). It is important to highlight that service crops are a complementary and 
non-substitutive management strategy, because they do not replace an adequate crop 
rotation. For this reason, stakeholders should include them when fallows within a crop 
rotation are too long.  
A large fraction of ES has not only diminished by land use but also by climatic 
conditions (Elmhagen et al. 2015; Fan et al. 2016). The need to mitigate negative effects of 
land use and climate on ES provision has been previously stated (Bu et al. 2014). 
Knowledge about this interaction is necessary to make sound decisions about how to 
manage cropping systems (Chan et al. 2006). Accordingly, our results provide some 
insights into the interaction between land use and weather conditions. For example, 
soybean was the only one which was directly linked to crop seasons (variable “year”) in 
CBA and NC (Figure 4). Soybean prevailed in bad (CL2) and medium (CL3) scenarios 
(ID=8 and ID=9, respectively); and soybean as preceding crop was also observed in bad 
(CL2) and medium (CL4) scenarios (ID=33 and ID=32, respectively) (Figure 4). During 
bad scenarios (2000/2001 and 2001/2002), there was a predominance of rainfall values 
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between 800-1000 mm in CBA. Meanwhile, medium scenarios (2002/2003-2009/2010) 
were characterized by annual rainfall values of less than 800 mm. The temperature pattern 
was constant throughout crop seasons with values around 20°C in both scenarios. For 
example, bad scenarios (under soybean) are characterized by low values of High C content 
in soil and High Available N in soil. This is mainly determined by uncovered soils due to 
the small amount of rapidly decomposing stubble exacerbated by high amounts of humidity 
and temperature. Thus, ES provision is not only determined by crop management but also 
by climate, with synergistic effects (Elmhagen et al. 2015).  
Agricultural management is fairly homogeneous in different parts of the Pampa 
region (Bert et al. 2011), including the three study sites selected here. This lack of diversity 
(at least, in our databases) in agricultural management probably forces the climate 
variability as the main factor influencing differences found in ES provision. It is widely 
known that agriculture is highly sensitive to climatic variations (Lorencová et al. 2013). 
This may lead not only to differences amongst regions but also cause inter annual 
variability of production and disruption of ES provision within a certain region (Howden et 
al. 2007). Considering that climate has limited predictability, stakeholders have to deal with 
a lot of uncertainty during decision making (Hammer et al. 2001). Both characteristics (i.e. 
limited predictability and uncertainty) are then, transferred to ES making it difficult to 
predict their provision in the future.  
 
Conclusions  
This paper made a contribution to the identification of those factors that determine ES 
provision in Pampean agroecosystems. Specifically, we found differences in ES provision 
as a result of land use (variable “crop”) and crop season (variable “year”) changes. Thus, 
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the importance of each land use type and crop season in supplying ES and the interaction 
between both factors on ES change are explained. Based on these results, stakeholders 
should be advised of the interactions between climate and crop management in order to 
positively influence ES provision. Finally, it is critical to pay careful attention to the 
possible limitations of the results here obtained. On the one hand, the CART data-mining 
procedure only shows exploratory patterns (Ferraro et al. 2012). On the other hand, this 
study was focused on a certain time period and area; thus, we could not affirm that these 
differences would usually occur amongst crops. Therefore, the information obtained here 
may be used to develop an experimental framework to study those crops driving changes in 
ES provision in the Pampa region.  
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Appendix 1  
 
 
Figure 1: Bayesian network of ecosystem service soil C balance. The output variable is C 
content in soil. References: C = Carbono.  
 
 
Figure 2: Bayesian network of ecosystem service soil N balance. The output variable is 


































































































































Figure 3: Bayesian network of ecosystem service N2O emission control. The output variable is Denitrification. References: C = 


























































































Figure 4: Bayesian network of ecosystem service Groundwater contamination control. 
The output variable is NO3 concentration. References: OM = Organic Matter; N = 
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1. Ecosystem services provision varies with different ecological variables.  
2. Environmental and management variables may influence ecosystem services 
provision.  
3. Data-mining techniques were used to identify these variables in the Pampa 
region. 
4. We assessed four ecosystem services in three study sites during a 10-year-
period.  
5. Provision of these ecosystem services varied by changing land use and crop 
season.  
 
 
